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16 Geotechnical Verifications Taking Account of the
Compressibility of Pore Water
Berücksichtigung der Kompressibilität des Porenwassers in der geo-
technischen Praxis
M. H. Heibaum
Bundesanstalt für Wasserbau (BAW), Karlsruhe
Federal Waterways Engineering and Research Institute (BAW), Karlsruhe, Germany
ABSTRACT: Two recommendations have been published recently or will be published soon respectively that
take into account the findings of research performed in the Federal Waterways Engineering and Research In-
stitute, accompanied by other research institutions. These findings deal with the effects of the compressibility of
the pore water on traditional verifications in geotechnical engineering. To include research results in general
rules it is not only necessary to verify the results but also to bring them into a format that will be understood
easily. The paper does not repeat the formulations of the recommendations but gives additional information on
the models the approaches are based on and tries to explain them by simple explanations and sketches geo-
technical engineers are familiar with.
KURZFASSUNG: Zwei Empfehlungen sind vor kurzem erschienen oder werden in Kürze erscheinen, die die
Ergebnisse langjähriger Untersuchungen in der Bundesanstalt für Wasserbau und sie begleitenden For-
schungsstätten berücksichtigen. Diese Untersuchungen beleuchteten den Einfluss der Kompressibilität des
Porenwassers auf übliche Nachweise in der Geotechnik. Um Forschungsergebnisse in allgemeingültige Regeln
einfließen zu lassen, ist es nicht nur erforderlich, diese Erkenntnisse abzusichern, sondern auch, sie in eine
Form zu bringen, die leicht verständlich ist. Der Beitrag wiederholt nicht den Text der Empfehlungen, sondern
beleuchtet die Modelle, die den Ansätzen zugrunde liegen und versucht, einfache Erklärungen zu geben, unter-
stützt von Skizzen, die dem Geotechniker vertraut sind.
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16.1 Introduction
Practical application of research results always com-
prise two needs: The research findings must be
transformed into a format that can be handled by a
person who is familiar with the topic but who is not
an expert. And secondly, the research topic should
be explained in such a way that also people who are
not familiar with the field treated will understand it.
The phenomena resulting from the compressibility of
pore water shall be presented as simple as possible,
supported by simple sketches.
In the following, two applications will be discussed,
where in geotechnical calculations the compressibil-
ity of pore water is introduced. In " Dikes and Re-
vetments" (1998) and in "GBB" (2004) approaches
are presented that allow to assess the slope stability
of banks. In "EAU" (2004) the verification of tolerable
deformation of retaining walls incorporating unsteady
pore water pressure will be introduced in the
forthcoming edition. Both, GBB and EAU will be
translated into English after the publication of the
German editions.
16.2 Slope stability
Slope stability is very much dependent on the pres-
ence of pore water, especially of pore water flow.
Pore water percolating through the soil and emerging
on the slope surface is an additional load and there-
fore reducing the slope stability. The load is mostly
determined using a finite element program to calcu-
late the pore pressure distribution according to the
difference in hydraulic head behind and in front of
the slope. Usually steady state flow is considered.
An example for the bank of a navigation canal is
shown on fig. 1.
If there are unsteady processes to be considered,
the calculation becomes more complex. In practice
this becomes necessary if there is a rapid change of
hydraulic head. (Rapid in the sense discussed here
means that the change in hydraulic head is faster
than the permeability of the soil). This can occur, for
example, when a sudden drawdown is created by a
ship passing the bank of a canal with permeable
banks. Then the canal water level decreases rapidly.
The pore water pressure would follow the pressure
drop of the canal water at sonic speed, if the pore
water would be an ideal, i.e. an incompressible fluid.
The pore water pressure distribution immediately
after draw down would look like fig. 2. This distributi-
on is rather similar to the previous one for the steady
condition and would mean no extra load on the slo-
pe. Important for slope stability is the fact that near
the surface (where a slip surface usually will de-
velop) the pore pressure distribution is similar to the
steady state. Only near the intersection of slope and
phreatic line is some deviation since it takes some
time until the pore water runs out of the pores. But
unfortunately such a pressure distribution has never
been observed on site.
In practice, after the draw down, the pressure
change in the pore water propagates much slower.
the pressure (or: potential) difference is large in a
very small zone below the surface (fig. 3). The pres-
sure decreases on a very short seepage length
which results in a very high gradient and therefore a
strong seepage force towards the slope surface. This
effect reduces the stability of the bank and has been
verified in measurements and laboratory tests. In the
remaining area of the cross section, the pore pres-
sure keeps the value from before the draw down, i.e.
excess pore water pressure develops. The width of
the zone of pressure decrease increases with time
until the final (steady) state is reached. But during
the time of a ship's passing, the steady state may not
be reached at all.
The situation shown in fig. 3 may be decisive and
therefore has to be considered during the design of
the bank protection on waterways. Calculations and
model tests show that the failure surface parallel to
the slope is developing in the soil below the revet-
ment, not at the interface revetment-filter or filter-
subsoil. The failure mechanism at the toe is depen-
dent on the formation of the revetment toe (fig. 4).
Fig.1: Steady state pore pressure distribution
(distribution of hydraulic head)
Fig.2: Pore pressure distribution immediately after draw
down assuming ideal pore fluid
Fig.3: Pore pressure distribution shortly after draw down
in practice
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This approach has been accepted after long discus-
sions and was included in the recommendation pub-
lished recently (GBB 2004).
16.3 Research findings
In 1981, Nago and Maeno discussed the effect of
oscillating water pressure on the surface on the pore
water regime in a sand layer. They observed a dam-
ping of the pressure variation with depth and a lag in
phase, when natural water was used. Fig.5 shows
this effect: during certain time steps excess water
pressures developed due to the phase lag. Such a
time lag is increasing with decreasing permeability
and saturation. In a certain depth no change of the
pore water pressure took place at all, since the
changes of the surface water pressure were too fast
to cause any reaction at that depth. Detailed calcula-
tion and experimental verification was published by
the same authors in 1984 and 1987. It was proved
that under certain conditions the effective stress
becomes zero. Liquefaction will occur and the sand
will be scoured by the flow tangential to the soil sur-
face.
In BAW, Köhler started as early as in the 70s by
performing tests on that phenomenon, and he devel-
oped a first approach that has been utilized in Knieß
(1983). He showed that the distribution of the excess
pore water pressure "∆u(z)" with depth "z" can be
described by an exponential function with only one
parameter (fig. 6):
∆u(z) = za  γw (1 – exp(-b  z))
where za = water level draw down and γw = specific
weight of water.
This pore pressure parameter "b" is dependent on
the soil permeability, the compressibility of the soil
and the compressibility of the pore water (Schulz &
Köhler 1986).
Delayed pore water reduction after a sudden drop of
the outside water pressure is not only due to a low
permeability, as it is often presumed. The major rea-
son is the air content of the pore water. So a three
phase system, i.e. soil, water and gas, has to be
considered instead of a two phase system with the
soil and an ideal pore fluid alone. Pore water in na-
ture as well as the surface water are not ideal (in-
compressible) fluids. Small microscopic air (gas)
bubbles are dispersed in the water. Therefore the
fluid shows a certain compressibility, which is pro-
portional to the amount of gas content in the pore
water. After many proves by laboratory tests and
measurements on site, the phenomenon is mean-
while accepted. For many practical calculations, a
design chart has been developed (Bezuijen & Köhler
1998) dependent on soil permeability and time of
pressure drop (fig. 7).
16.4  A simple explanatory model
Compressible pore water causes the delayed reac-
tion of the pore water pressure on any change in
water pressure at the boundaries. This can be ex-
plained with a rather simple model. The pore chan-
nels may be considered as thin pipes filled with an
incompressible fluid with some air bubbles in be-
tween (fig. 8). If there is a pressure drop on one side
of the pipe, the new pressure will proceed in the fluid
Fig. 4: Limit state approach for the stability of bank protection (GBB 2004)
Fig. 5: Damping and phase lag of wave induced pres-
sure distribution (Nago & Maeno)
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to the first bubble. To adopt the new pressure, the air
bubble tries to expand. The expansion of the bubble
initiates a flow of the fluid. This flow takes time since
the shear resistance at the interface of fluid and pipe
and the inertia of the fluid have to be overcome. The
pressure in the fluid on the other side of the bubble
will change only as much as its volume and in this
way the pressure in the bubble.
Due to the above mentioned effects failure may oc-
cur in the submerged soil, when a sudden draw
down (a sudden drop of the hydraulic head) occurs.
This can be shown more in detail by considering the
stress distribution above and below a horizontal soil
surface below a water table. Fig. 9 shows the distri-
bution of total (σr), neutral (u) and effective (σ')
stresses before (solid line) and after (dotted line,
symbols underlined: σr, u, σ') a draw down. The total
stresses are given by the specific weight of soil and
water. The total weight will decrease immediately
with the draw down according to the volume of water
withdrawn. Considering a certain time step, the pore
water pressure (neutral stress) remains at a certain
depth as before the draw down which means that an
excess pore pressure exists. The excess pore water
pressure decreases time-dependently and nonline-
arly towards the surface.
During that unsteady process, analytically the neutral
stresses are larger than the total stresses from the
surface to a certain depth (shaded area) which
physically is impossible. This surplus of energy is
dissipated by flow of the water. Only from that depth,
z
Fig. 6: Distribution of pore water              Fig. 7: Design chart for pore water parameter "b"
           pressure (pwp) with depth
Fig. 8: Air bubbles in a thin pipe filled with water
before and after top pressure drop
Fig. 9: Distribution of total (σr), neutral (u) and effective
(σ') stresses before (solid line) and after (dotted
line, symbols underlined) a rapid draw down
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effective stresses are greater than zero, so the soil
above is in the limit state, and respectively in the
state of suspension.
That state can also be shown by means of Mohr's
circles: Fig.10 shows that due to the retarded de-
crease of pore water pressure, the circle of effective
stresses is shifted the same amount as the circle of
total stresses. Dependent on the initial state of
stress, Mohr's limit state may be reached, the soil is
"liquefied". From fig.10 one can easily find the posi-
tive outcome of cohesion (the failure line is shifted
upwards on the τ-axis) or of a surface load (the
stress circle is shifted to the right on the σ-axis). This
was found in practice by Zen (2000) where a lique-
fied zone developed in the sea bed at the toe of a
rubble mound breakwater but not below the break-
water structure due to its weight.
16.5 Retaining wall stability
In the recommendations "EAU 2004"  a new verifica-
tion is added that takes into account the unsteady
changes in pore water pressure in front of a retaining
wall. If there is water flowing around a retaining wall,
beside the verification of sufficient resistance by
proving that the passive earth pressure is large
enough to hold the wall's toe in place, it has to be
shown that the flowing water does not result in ad-
verse effects. The verification is done by determining
the safety against sand boil (or: "failure by heave"),
i.e. hydrodynamic soil deformation in front of the wall
toe, usually according to Terzaghi (1996).
Usually the safety of  a retaining wall concerning
failure due to sand boil is calculated by taking into
account the steady state groundwater flow around
the toe of the wall. However, in less permeable soil
the reduction of pore water pressure might be slower
than the changes in hydraulic load, similar to the
process described for slope stability. It may happen
due to tidal changes of the water level, waves, low-
ering of the water table (draw down) or excavation.
An example is given in fig. 11, showing the pore
pressure (or hydraulic head) distribution in front and
behind a retaining wall after a rapid drop of the hy-
draulic head in front of the wall.
So when a rapid change of the hydraulic head has to
be considered, additionally to the traditional verifica-
tion of sufficient safety against sand boil, which is an
ultimate limit state, the limit state of serviceability has
to be verified. Serviceability can be impaired by de-
compaction of the soil in front of the wall, by heave
or by deformation of the wall toe.
Due to the excess pore water pressure in front of the
wall, a (unsteady) water pressure vertical upward
has to be considered in the most unfavourable hori-
zontal cross section. The resulting force must be less
than the buoyant weight of the soil above that cross
section. The most unfavourable horizontal cross
section is that one with the maximum excess pore
pressure or that one at the wall toe.
16.6 Future aspects
It has been shown that the findings of a decade of
research on the effects of compressible pore water
have been introduced in two standard design meth-
ods. This seems to be the beginning only. One field
of application where it is worth while to look closer to
these effects is certainly the process of scouring.
Today the interaction of soil and water during the
scour process is described empirically only. Few
numerical methods start to incorporate a soil model.
The development of scour is always an interaction of
soil and water. That seems to be a simple statement,
but very often it is forgotten that water is to be found
both inside the soil and on the surface of the soil.
Both pore water and surface water will contribute to
the scour process. As a consequence, not only the
interaction of soil and water but also the interaction
of the surface water and the pore water has to be
considered.
The resistance of soil and rock against scouring is
given by the intergranular strength which is ex-
Fig. 10: Mohr's circles before and after rapid draw down
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pressed in terms of  internal angle of friction and
cohesion. While cohesion is more or less independ-
ent of  the intergranular stresses (but stress history
has an influence on the magnitude of cohesion), the
shear strength based on friction is linearly dependent
on the effective stress in the soil. Effective stress is
directly dependant on pore water pressure: the
higher the pore water pressure in a certain point, the
less the effective stress. Therefore it is very impor-
tant to consider pore water pressure in design – in
cohesionless soils even more than in cohesive soils
– as has been shown in fig 9.
In the paper of  Mia and Nago (2000) it was stated
that "the excess scour depth always found a maxi-
mum at a stage of considerably reduced effective
stress under the application of abrupt water pressure
change". Yu, Maeno & Nago (2001) present a nume-
rical approach to the liquefaction process of the top
soil layer loaded by oscillating pressures. It is easy to
understand that a liquefied soil will be eroded imme-
diately by even a mild current.
It has been shown clearly that the pore pressure
regime in the subsoil is significantly influenced by the
amount of air or gas in the pore water and that the
interaction of surface water and pore water affects
the process of scouring. So maybe another decade
later the step will be made from the empirical ap-
proach to assess the process of scouring to a more
detailed consideration of the parameters involved.
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